This study concerns the application of enzymatic hydrolysis to modifying starchy and cellulosic materials. Corn, cassava, upright elephant ear and sugarcane bagasse were used in order to evaluate the influence of the enzymatic hydrolysis over the structural, thermal stability and crystallinity of these materials. Differential Scanning Calorimetry (DSC) was used to evaluate the thermal properties while Scanning Electron Microscope (SEM), X-ray Diffraction (XRD) and Brunauer, Emmett and Teller (BET) methods were used for the structural and morphological analysis. Corn presented the highest starch yield (g of starch/g of raw material) with 40.4%. For all materials used, the crystallinity increased due to enzymatic hydrolysis suggesting that amorphous zones are attacked first. The gelatinization temperature of the starches increased as the crystallinity increased. The granules and fibers, except for upright elephant ear starch, did not change their size with enzymatic treatment and the superficial area did not increase significantly with the enzymatic treatment.
platform for sugar production and subsequently other important products. Crops such as corn, cassava, potato and tubers in general are good sources of starch, which can potentially be used in the commercial production of ethanol fuel [1, 2] . Sugarcane, on the other hand, is one of the principal sources of cellulosic material. Both, starchy and cellulosic materials should be modified to increase their yield in the enzymatic hydrolysis. Starch has traditionally been hydrolyzed by acids, but the specificity of the enzymes, and the absence of secondary reactions among other advantages mean that enzymatic hydrolysis an excellent technique for such processes [3, 4] .
Both, starchy and cellulosic materials can be hydrolyzed with different types of enzymes. Materials such as corn stover, poplar, eucalyptus, corn cob, rice straw, wheat straw among others have been hydrolyzed using enzymes such as endoglucanases, cellulases and xylanases obtaining good yields [4] . The enzyme α-amylase has been used to carry out the hydrolysis of materials such as cornstarch and rice starch reaching yields above of 90% [5, 6] . The sugar yield of the enzymatic hydrolysis of starchy and cellulosic materials can be defined by some important characteristics such as particle size, crystallinity, and accessible surface area [7] . These key parameters are defined for the feedstock characteristics such as the nature of the enzyme, its temperature, pH, and the operating conditions used in the enzymatic hydrolysis.
Starch is made up of two types of glucose polymers: amylose that is essentially a linear chain molecule, and amylopectin, which is branched. Amylose and amylopectin are packed into granules, representing the crystalline and amorphous parts of the structure. There is evidence that crystals consist of parallel double helices formed from the short chains of amylopectin. Two types of crystals or polymorph structures (A and B) have been identified in starch granules, which can be distinguished by the packing density of the double helices [8] .
Sugarcane bagasse is a polydisperse particulate, which is present as fiber and rind particles. This material has high lengthwidth ratios and corresponds mostly to stalk fibro-vascular bundles. Sugarcane bagasse matter is mostly made up of cells walls. Thus, bagasse particles have cavities that correspond to cell lumina. Besides, there are pith particles, which are finer and near unitary length-width ratio originated from stalk parenchyma [9] . Different techniques have been used to analyze some of the important characteristics of starch and cellulosic materials. Scanning Electron Microscope (SEM) has been used to relate granule morphology to starch genotype and sugarcane sizes [9, 10] . Shapes of starchy and cellulosic materials vary widely depending on the source. Generally, oval, elliptic, spherical and irregular shapes predominate among all the granule shapes. Xray Diffraction (XRD) has been used to reveal the presence and characteristics of the crystalline structure of the starch granules and the patterns of sugarcane bagasse [11, 12] . Differential Scanning Calorimetry (DSC) is used to measure changes of physicochemical properties in gelatinized starch and to measure the rate and extent of starch recrystallization [13] . The specific surface area of the starch granules is measured using BrunauerEmmett-Teller (BET) technique [14] .
Given that enzymatic hydrolysis is an interesting biorefining alternative to obtain a sugar-based platform from starchy and cellulosic materials, the analysis of the effect of enzyme treatment on specific material characteristics is of relevant importance to finding suitable raw materials and sustainable technologies. In this sense, this work shows a primary technical analysis of different starchy and cellulosic materials after enzyme treatment and their potential as future biorefinery feedstocks. Taking into account the importance of factors such as particle size, crystallinity and accessible surface area in starchy and cellulosic materials, this paper also presents a study of the characterization of native and enzyme-treated starchy and cellulosic materials after enzymatic modifications. Corn, cassava and upright elephant ear are studied for starch recovery while, sugarcane bagasse is considered a source of fiber with a high cellulose content. Structural and thermal properties were compared for each material in its native and enzyme-treated states.
Materials and methods

Raw materials
Cassava (Manihot esculenta) and yellow dent corn (Zea mays) were obtained from a local Colombian market. Sugarcane bagasse (Saccharum) was obtained from a small mill, which produces commercial sugarcane juice. Upright elephant ear roots (Alocasia macrorrhiza), were collected from a farm belonging to the National Service of Learning (SENA) in ManizalesColombia (center-west of Colombia). These raw materials were thoroughly washed with enough water to remove impurities. Cassava and upright elephant ear were manually peeled, and then processed for starch recovery. Corn grains were separated from the corncobs and subsequently processed for starch recovery. While, sugarcane bagasse was milled in a mill blade and the obtained fibers were dried (for 48 h at 75 ºC) and sieved.
Starch recovery
Cassava and upright elephant ear starch were recovered by the conventional method used in tropical countries. This method consists of root washing, peeling, milling, and filtering [15] . The starch solution obtained from filtering was decanted for 24 h, after which, the residual liquid was extracted and the solid starch was dried at 60 ºC to constant weight.
Starch from corn was recovered using two methods. In the first method (M1) exposed by [16] , starch recovery was calculated as the ratio of the weight of starch recovered from wet milling to the total weight of the starch present in the corn. To give a better idea of the work undertaken, Fig. 1 shows the experimental procedure followed to recover starch. In the second method (M2), lactic acid and sodium bisulfite were used for the steeping step, and the starch content was measured according to the method reported by [17] .
Enzymatic hydrolysis
The hydrolysis of starch from cassava, upright elephant ear and corn was conducted with α-amylase (HT-340L, Bacterial source: Bacillus licheniformis; supplied by Proenzimas, Cali, Colombia), which allows a partial hydrolysis under special conditions due to its action on starch polymers. On the other hand, Cellulase (Celulase CE 2, Fungal source: Trichoderma longbrachiatum; supplied by Proenzimas, Cali, Colombia) was used for sugarcane bagasse modification. Before hydrolysis, all materials were dried in an oven for 48 h at 60 ºC [18] . Dried starches were milled in a ball mill (KM1, Germany) obtaining a dry powder. Enzymatic hydrolysis was carried out in a shaker (UNITRONIC OR, J.P. Selecta, S.A., Barcelona). Enzymatic modifications were based on procedures exposed by [19] . Starch modification using the α-amylase occurred by preparing a 1/50 dilution of enzyme in a buffer solution, which gave an activity level of 340.000 Modified Wohlhemuth Units (1 MWU = quantity of enzyme that will dextrinize one milligram of starch in 30 minutes at pH 6 and 50 ºC). The buffer was prepared by combining deionized water with 2.4 g/L of sodium phosphate (monobasic; Sigma) and 0.39 g/L of sodium chloride (Sigma). The pH was adjusted to 6.9 using an aqueous solution of sodium hydroxide (Carlo ERBA Reagent). The starches where added at 2:3 v/v ratio of starch to enzyme solution. The modification took place at pH 6.9 at 25 ºC for 7 days. The starch was then washed repeatedly and then dried in a convection oven for 24 h at 40 ºC.
Cellulose hydrolysis was carried out with a 1/2 and 1/6 cellulase solution in citrate buffer at a ratio of 10 ml of the enzyme solution to 1 g of sugarcane bagasse. The mixture was kept at 50 ºC in a shaker for 6 days. After enzymatic hydrolysis of the starchy materials and sugarcane bagasse, the reducing sugar concentrations were measured according to the method proposed by Nelson and Somogyi [20] .
SEM, DSC, XRD and BET analysis
After hydrolysis, several analyses were carried out using Scanning Electron Microscope (SEM), Differential Scanning Calorimetric (DSC), X-ray Diffraction (XRD) and BrunauerEmmett-Teller (BET). All samples were dried in a vacuum oven (3 mm Hg) at 60 ºC for 3 days. SEM micrographs were obtained in a JEOL JSM-5910LV microscope. Calorimetric plots were measured in a DSC Q 100 (Module DSC Standard Cell FC, TA Instruments) unit in a temperature range of 25-200 ºC for starchy materials and 25-355 ºC for sugarcane bagasse, using a heating rate of 10 ºC/min, under nitrogen atmosphere with a flow of 50 mL/min. The X-ray diffraction plots were obtained in a Rigaku (MiniFlex II) unit with CuKα at 30 kV and 15 mA. The diffraction angle ranged from 35º to 2º with a scan rate of 5 º/min. Finally, the superficial area was determined in a Micromeritics ASAP 2020 unit (Micromeritics Instrument Corporation). Table 1 shows the moisture, starch yield and the waste percentage determined for the starchy materials. From these results, we can see that the lowest yield corresponds to cassava due to its high moisture content therefore, for this raw material, removing water becomes in an important step that requires an efficient technique. [21] . Thus, the starch recovered from corn using the method M1 had the highest yield in contrast to method M2. The highest yield was obtained for corn also with method M2. On the other hand, cassava showed the highest waste production, while treated corn using method M1 showed the lowest. This fact suggests that the sugar yield and waste production in the starch recovery processes are strongly inversely related.
Results and discussion
Starch recovery
Additionally, the cornstarch recovery process generated other products, which can be considered commercial byproducts in a wet milling or dry milling concepts. In this sense, Table 2 shows additional fractions of fiber and gluten as byproducts from corn hydrolysis. Thus, starches obtained from the three selected raw materials were not completely pure given the remaining protein. The starch purities obtained were 74.03 ± 0.520 %, 73.92 ± 0.410% and 74.03 ± 0.658 for upright elephant ear, corn and cassava, respectively. Average of two replicates All yields expressed in dry matter
Sugarcane bagasse treatment
Sugarcane moisture was 65.02 ± 0.080 %. The crust corresponded to 92.85 ± 0.002% of the dry matter while marrow was only 7.15 ± 0.002 % of the dry matter. Consequently, the subsequent analyses were performed based on sugarcane crust due to its greater contribution.
Enzymatic hydrolysis
Conditions and conversion of enzymatic hydrolysis are shown in Table 3 . The highest starch conversion was reached for upright elephant ear starch followed by cassava starch [22] . This fact suggests that starch granules from roots are more exposed to the enzymatic attack. Sugarcane bagasse with a dilution of 1:2 v/v presented grater conversion than that obtained from a dilution of 1:6 v/v. This behavior was expected due to the low enzyme concentration.
In the hydrolysis process, α-amylase breaks only the α-1.4 linkages presented in amorphous zones producing glucose units and partial hydrolysis is accomplished by correct hydrolysis conditions. This procedure was necessary for holding the starch granule structure while exposing the hydroxyl groups of the amorphous starch chain. A similar process occurs with the cellulose from sugarcane bagasse. In the partial acid hydrolysis, cellulose was broken down into cellobiose (glucose dimer), cellotriose (glucose trimer), and cellotetrose (glucose tetramer), whereas upon complete acid hydrolysis, it is broken down into glucose. The -1,4 glycoside linkages cause cellulose to be in a low surface area crystalline form. 
SEM, DSC, XRD and BET analysis
Analysis of SEM micrographs
Scanning electron microscope (SEM) images of the starch granules and bagasse are shown in Fig. 2 .
Native upright elephant ear starch granules (Fig. 2a) are particles with spherical and ovoidal shapes with diameters of between 5 and 15 µm and a smooth surface. Enzyme-treated upright elephant ear starch tends to get agglomerated while native granules were scattered. Modified starch granules changed their diameters to 1-5 µm, and their shape was altered obtaining irregular arrangements with a rough surface (see Fig. 2b ). Native starch granules from corn are shown in Fig. 1c , the particles presented a spherical shape with some irregularities, diameters of between 5 and 10 µm and a semiporous surface. Enzyme-treated cornstarch granules kept their size but presented some fractures due enzymatic attack (see Fig. 2d ).
Micrograph from Fig. 2e shows native cassava starch granules, which present irregular shapes and sizes (between 5 and 10 µm) with a smooth surface. Enzyme-treated cassava starch granules, as well as upright elephant ear starch, tend to agglomerate but to a lesser extent. Fig. 2f shows the deterioration caused by enzymatic action, but with no change in the size. Enzymatic treatment generated deformations and breaking of the granules but no pores on the particle surface [22] .
In general for all starches, enzyme treatment did not create new visible pores, but did cause some fractures and shape alteration, the most appreciable enzymatic effect occurred with upright elephant ear starch granules. Here, α-amylases did not have the ability to create pores on particle surfaces as observed by other authors using glucoamylases as a modifying agent [23, 24] .
Native bagasse fibers are shown in Fig. 1g . These are elongated with lengths of over 200 µm and are formed with several smooth surface layers. Hydrolyzed bagasse fibers with an enzyme to buffer ratio of 1:2 v/v are shown in Fig.  1h . There is evidence of layers breaking by enzymatic action exposing the inner channels of the fiber, but fiber length was kept after hydrolysis. Bagasse fibers hydrolyzed with an enzyme to buffer ratio 1:6 v/v, presented minor signs of enzymatic degradation.
Analysis of XRD plots
XRD patterns for starchy materials are shown in Fig. 3a . The patterns and characteristic of the starches are similar; however, the difference depends on the natural source of each starch. According to starch classification from X-ray diffraction, starch form Corn is classified as type A, because it presents the highest peaks at around 2θ (angle of diffraction) values of 14.92º, 17.18º, 17.8º and 22.7º, which are characteristic angles for this sort of starch [25] . Thus, upright elephant ear and cassava starch presented the maximum peak at 16.82º and 16.98º, respectively. Moreover, it has peaks of less intensity at 2θ values of 20.80º, 22.86º and 24.20º for upright elephant ear starch and 19.70º, 22.8º and 24.2º for cassava starch. As a result, upright elephant ear and cassava starches were classified as type B.
Crust and marrow bagasse have different structures and crystallinity because crust bagasse presented two diffraction peaks at 2θ values, (18.04º and 21.9º). However, marrow bagasse presented only a peak at 2θ values (21,86º), which is characteristic of the cellulose structures [26, 27] . Fig. 3b shows the diffraction patterns for native and enzyme-treated upright elephant ear starch. Enzyme-treated upright elephant ear starch presents peaks with more intensity and definition than native starch suggesting that crystallinity was increased. Enzymatic attack promoted the formation of two peaks at 2θ values of 14.98º and 17.84º, the XRD pattern being more similar to a type A starch. Fig. 3c shows native and enzyme-treated cornstarch which did not present differences in 2θ values for their diffraction peaks. Nonetheless, these peaks were more defined and with greater intensity for enzyme-treated starch, indicating that hydrolysis generated a more crystalline structure. The latter also happened to upright elephant ear starch. Fig. 3d shows the enzyme-treated cassava starch which presents diffraction peaks at 2θ (14.92º and 17.76º), indicating that the XRD Figure 3 . XRD plots of native and enzyme-treated materials: (a) native raw materials, (b) native and enzyme-treated upright elephant ear starch granules, (c) native and enzyme-treated corn starch granules, (d) native and enzyme-treated cassava starch granules, (e) native and enzyme-treated sugar cane bagasse (Enzyme/ buffer ratio 1:2). Source: The authors pattern was more similar to a type A starch. Diffraction peaks for this starch presented less intensity. Fig. 3e shows the hydrolyzed crust bagasse, which exhibited defined diffraction peaks and high intensity for both evaluated ratios (1:2 v/v and 1:6 v/v). This Figure also shows the diffraction pattern for enzyme to buffer ratio of 1:2 v/v. Bagasse became more crystalline with the enzyme treatment. As a consequence, enzymatic hydrolysis promoted the crystallinity by attacking the amorphous zones first.
Analysis of BET surface area
Nitrogen adsorption isotherms were obtained using the BET method. According to Brunauer's classification [28] , all starchy materials exhibited type II isotherms (Isotherm with large deviation from Langmuir model absortion) with hysteresis from the middle zone of the curve indicating the presence of meso and macro pores. Sugarcane bagasse also showed a type II isotherm with a more pronounced hysteresis. This indicates that at high pressures, condensation in meso and macro pores is higher, which makes it more difficult to evaporate the nitrogen. Considering the latter, Table 4 shows the structural parameters obtained from the isotherms by the BET method.
Upright elephant ear starch was the material with the highest superficial area for both native and enzyme-treated cases. Enzymatic hydrolysis did not significantly change the superficial area for all tested materials. The specific surface areas obtained are low compared to other commercial materials. As a result, there is concern about the viability of using these materials as adsorbents. However, it is important to evaluate the performance of these materials as adsorbents in dehydration processes. This is relevant since enzymatic treatment may have exposed more functional groups (hydroxyl groups) that can absorb water. However, such groups could not be found using the BET method. Thus, pore diameters obtained by the BJH method [29] confirmed the existence of macro pores in the studied materials. Fig. 4 shows the DSC patterns for native and enzymetreated materials. DSC patterns for starches show the endothermic transition known as gelatinization, which occurs when the starch is heated in presence of water. Excess water was used to ensure the existence of a single peak. The onset, Ti, and the peak, T p , temperatures were determined from the intercepts with the baseline. Fig. 4a shows the DSC pattern for native upright elephant ear, cassava, and corn, for which gelatinization peak temperatures were 62.02 ºC, 62.79 ºC and 73.07 ºC respectively. This is in alignment with literature values for corn and cassava starch [30] . There is no open literature reporting on the thermal properties of upright elephant ear starch.
Analysis of DSC plots
Peak temperatures for cassava and upright elephant ear starches were similar, while cornstarch had a peak temperature 10 ºC higher than the roots. Other authors have reported that at higher temperatures, the granular structure has more ordered areas [31] . It has also been suggested that gelatinization of large starch particles occurs at a lower temperature than that of small particles [32] . Fig. 4b shows the change in onset and peak temperatures by enzymatic hydrolysis of upright elephant ear starch. Onset and peak temperatures were increased by 4 ºC and 7 ºC, respectively. The latter suggests that upright elephant ear starch became more crystalline. Degradation temperature was affected too, changing from 193.5 ºC to 162 ºC. This fact represents that thermal stability is decreased with partial hydrolysis. On the other hand, Fig. 4c shows that gelatinization temperatures for cornstarch were not significantly altered. However, the degradation temperature decreased with de partial hydrolysis, implying the existence of some structural change. Degradation temperatures for native and enzymetreated cornstarch were 174 ºC and 152 ºC, respectively. Fig. 4d shows that gelatinization temperatures for cassava starch were not significantly altered. However, the degradation temperature increased with the partial hydrolysis, suggesting that some structural changes occurred. Degradation temperatures for native and enzyme-treated cassava starch were 168 ºC and 179 ºC, respectively. In general, gelatinization temperatures had the tendency increase with partial hydrolysis. This increment was related to the increase of crystallinity and decreasing particle size.
Finally, Fig. 4e shows that sugarcane bagasse did not present melting curves because of the high cristallinity of cellulose. Some small curves were obtained but these correspond to water elimination. In the evaluated range of temperatures, the degradation temperature was not reached.
Conclusions
Both, starchy and cellulosic materials presented changes after enzymatic modification. Size reduction, shape alterations, fractures, changes in the surface area, and pore formation the most important changes caused by the enzymatic modification.
From the raw materials used, corn and upright elephant ear presented the highest starch yield and reducing sugar production respectively. Sugarcane bagasse did not require a further recovery process, and only a structural components separation (such as crust and marrow) was necessary. In general, enzymatic treatment increased crystallinity as shown in XRD patterns. Enzymatic hydrolysis generated alterations over starch granules as was observed in SEM images.
Upright elephant ear starch granules were more affected by hydrolysis than other materials, suffering a greater size reduction. The enzyme altered the surfaces of both, corn and cassava, but particle size was not affected. Enzymatic hydrolysis of sugarcane bagasse showed an appreciable fiber alteration exposing its inner channels. This work reveals that analyses of these types of materials are necessary to understand and evaluate the performance of the enzymatic hydrolysis as they offer valuable information about the influence of the structural and thermal properties on their adsorption performance.
